Abstract-The association of longitudinal changes in left ventricular (LV) structure and function with myocardial fibrosis is unclear. We relate temporal changes in body size-indexed LV mass (LVMi) and end-diastolic volume indexed to body surface area , LV mass-to-volume ratio, and LV ejection fraction (LVEF) from cine cardiac magnetic resonance for 10 years, with replacement scar assessed from late gadolinium enhancement, and lower postcontrast T1 times reflecting greater diffuse myocardial fibrosis measured at the end of the follow-up period. All participants (n=1813) who underwent cardiac magnetic resonance twice as part of the Multi-Ethnic Study of Atherosclerosis 10 years apart were included. Multivariable logistic and linear regression models adjusted for cardiovascular risk factors measured the association of 10-year changes in LV structure and function, with fibrosis measured at follow-up. The presence of LV scar at year 10 was cross-sectionally associated with higher LVMi (≈10 g/m 2 ), higher mass-to-volume ratio (0.1-0.2 g/mL), but lower LVEF (≈4%) and longitudinally with 3% decrease in LVEF and 0.7% greater end-diastolic volume indexed to body surface area in men for 10 years. Lower postcontrast T1 times at year 10 were associated cross-sectionally with lower LVMi (r=0.33), enddiastolic volume indexed to body surface area (r=0.25), and LVEF (in men only: r=0.14) and longitudinally with a decrease in LVMi (r=0.20) and reduction in LVEF (in men only: r=0.15). Sustained hypertension for 10 years was associated with increased LVMi and higher diffuse and replacement fibrosis at follow-up. During a 10-year period, increased concentric hypertrophy in women and LV dilatation in men were associated with replacement fibrosis, whereas decreasing LVMi was associated with diffuse fibrosis. Hypertension-induced remodeling was related to enhanced replacement and diffuse fibrosis, as well as hypertrophy. Correspondence to Joao A.C. Lima, Johns Hopkins Hospital, 600 N Wolfe St, Blalock 524D1, Baltimore, MD 21287. E-mail jlima@jhmi.edu. of structure-LV mass, volume, and mass-to-volume ratioand function with measures of replacement fibrosis detected by myocardial scar from LGE and diffuse myocardial fibrosis indexed by T1 mapping. We also study the variation LV structure and function and fibrosis in conjunction with hypertension.
L eft ventricular (LV) structural and functional changes in response to, or in association with, myocardial fibrosis are important components of cardiac disease. Myocardial fibrosis is considered as 1 of the chief factors that influence the process of cardiac remodeling, 1,2 conceptualized as the structural and functional cardiac alterations that accompany exposure to pathogenic processes and cardiovascular risk factors. 3 Previous studies have shown the association of myocardial fibrosis with alterations of myocardial structure and function, as well as with indices of impaired myocardial tissue deformation in varied cardiomyopathies. [4] [5] [6] [7] Sex dependency of these alterations of structure and function has also been demonstrated, 8 reflecting different mechanisms of cardiac morbidity and associated LV remodeling.
Cardiac magnetic resonance (CMR) imaging can be used to quantify LV mass and volume accurately throughout the cardiac cycle and is considered as the standard of reference for assessment of structure and function. CMR has also been used to characterize focal and diffuse myocardial fibrosis through late gadolinium enhancement (LGE) and longitudinal relaxation time (T1) mapping, respectively. In previous studies, T1 mapping times and related parameters have been shown to correlate well with collagen content of the myocardium as measured through biopsy, 9, 10 whereas LGE has long been used to measure replacement myocardial fibrosis. 11 The goals of this study were to understand how LV structure and function and its 10-year change relate to diffuse and replacement myocardial fibrosis measured at the end of the follow-up period in a multiethnic population. We relate CMR measures of structure-LV mass, volume, and mass-to-volume ratioand function with measures of replacement fibrosis detected by myocardial scar from LGE and diffuse myocardial fibrosis indexed by T1 mapping. We also study the variation LV structure and function and fibrosis in conjunction with hypertension.
Methods

Population Characteristics
The design and population characteristics of the Multi-Ethnic Study of Atherosclerosis (MESA) have been described previously. 12 Briefly, MESA is a prospective, population-based observational cohort study of 6814 men and women representing 4 racial/ethnic groups, aged 45 to 84 years, and free of clinical cardiovascular disease at enrollment. As part of the baseline examination, between 2000 and 2002 (year 0), a total of 5004 (73%) participants received cine CMR examinations at 6 field centers. Of the 5004 individuals who underwent CMR at baseline, 2981 participants underwent a follow-up CMR between 2010 and 2012 (year 10). The follow-up scan included LGE imaging and T1 mapping. Participants undergoing CMR scans were screened for gadolinium eligibility. Participants with glomerular filtration rate ≥45 mL/min (60 mL/min for 1 site) and without history of allergic reaction to contrast agents were qualified to receive gadolinium. Of the eligible participants, 1814 agreed to a gadolinium injection and underwent LGE imaging. One thousand three hundred twenty of the participants who were injected with gadolinium also had T1 mapping as part of the protocol. After exclusion for participants with either wrong or unavailable administered gadolinium dose and for those where the images acquired had artifacts (51 participants), a total of 1223 participants were included in the T1 analysis. During the 10-year follow-up period, a telephone interviewer contacted each participant (or representative) every 6 to 9 months to inquire about all interim hospital admissions, cardiovascular outpatient diagnoses, and deaths. Two physicians reviewed all records for independent end point classification (criteria provided in the online-only Data Supplement) and assignment of event dates. The institutional review boards of all MESA field centers approved the study protocol, and all participants gave informed consent.
Cardiac Magnetic Resonance
LV mass and LV end-diastolic volumes were indexed to body surface area (LVMi and EDVi). LV mass-to-volume ratio (MVR) and ejection fraction (LVEF) were obtained as previously described. 13 In addition to indexing the LV mass by body surface area, an allometric approach to indexing the LV mass as used in the same population was also implemented. 13 A detailed explanation of the acquisition methods is provided in the online-only Data Supplement.
LGE was used to detect presence of regional scar replacement. Delayed contrast enhancement images were obtained 15 minutes after an intravenous bolus injection of gadolinium-diethylenetriaminepentaacetic acid (0.15 mmol/kg, Magnevist, Bayer Healthcare Pharmaceuticals, NJ) to identify regional fibrosis. Short-axis slices, 1 horizontal and 1 vertical long axis, all at the same positions as the cine images were acquired. The images were analyzed using QMass (Medis, The Netherlands). The region of interest for myocardium was manually placed on short-axis slices, and the scar replacement area was then detected as the area with increased intensity manually by the user for each slice.
For evaluation of diffuse fibrosis, 1 short-axis precontrast modified look-locker inversion recovery 14 image at the midslice position was acquired and repeated at 12 and 25 minutes after contrast injection (5 of the 6 centers; all Siemens 1.5-T scanners). The imaging has been described in detail before. 15 All images were acquired with the same trigger delay time in end diastole. T1 maps were constructed offline using QMass research. On each T1 map (precontrast and postcontrast), a region of interest was manually drawn around the core myocardium to calculate the myocardial T1 time. Lower postcontrast T1 times have been associated with greater diffuse myocardial fibrosis.
9,15
Statistical Analysis
Statistical analysis was performed with STATA, version 12 (Stata Corp, TX). LV structure and function, T1 mapping parameters, presence of myocardial scar, and participants' baseline data were evaluated using the Student t test for continuous variables and the χ 2 test for categorical variables. We stratified the cohort by sex in all analyses.
The associations of LV structure and function parameters from year 0 and year 10 examinations with presence of myocardial scar at year 10 and T1 mapping parameters at year 10 were assessed using multivariable logistic and linear regression analyses, respectively, with fibrosis markers as dependent variables. Participants who had scar detected from the LGE assessment were excluded for analysis with T1 mapping parameters. The models adjusted for the following covariates: demographics (age and ethnicity) and traditional cardiovascular risk factors (body mass index, systolic blood pressure, hypertension medication, diabetes mellitus, smoking, high-density lipoprotein, and total cholesterol). In addition, when T1 times were the dependent variable, adjustment was performed for factors affecting acquisitionheart rate during CMR acquisition for precontrast T1 times and exact gadolinium dose and glomerular filtration rate 16 for postcontrast T1 times. In addition to LV mass indexed by body surface area, LV mass indexed using an allometric approach was also used to clarify that the relationships were independent of the indexing method.
In the assessment of association with year 10 LV structure and function variables, the models adjusted for year 10 covariates. In the assessment of association with change in structure and function, the models adjusted for 10-year change in covariates and year 0 value of the parameter studied, as well as year 0 value of the covariates. The associations explored with change include both categorical (coded as decrease of >1 SD=0, change of <1 SD=1, and increase of >1 SD=2) and continuous change.
Further analysis was performed to check for variation of hypertension status and LV structure and function and fibrosis. Hypertension categories were defined based on hypertension status based on Joint National Committee VI criteria at year 0 and year 10. Four categories were defined: without hypertension at year 0 and year 10, with hypertension at year 0 but no hypertension at year 10, with hypertension at year 10 but not at year 0, and those with hypertension at year 0 and year 10. Values of LV structure and function and diffuse myocardial fibrosis were compared across categories using 1-way ANOVA. Presence of scar was compared across categories using the χ 2 test. Table 1 shows the baseline and follow-up population characteristics by sex. The mean age of women and men at baseline was 58 and 59 years, respectively. The number of participants on lipid-lowering and antihypertensive medication increased significantly for 10 years. The proportion of participants with impaired fasting glucose and treated diabetes mellitus increased significantly during the 10-year follow-up period in association with a significant increase in body mass index. During the 10-year follow-up period, 83 participants had a cardiovascular event (18 women, 65 men), 26 had a myocardial infarction (3 women, 23 men), and 13 had congestive heart failure (4 women, 9 men). CMR-defined LVMi increased significantly for men, whereas EDVi decreased significantly in both women and men during the 10-year follow-up period. In women, there was also a decrease in end-systolic volume index and no change in LVEF, whereas in men, there was no significant change in endsystolic volume index and consequently a small but significant reduction in LVEF. The LV MVR increased between baseline and follow-up in both women and men, although men had a higher mean MVR compared with women in both examinations. Postcontrast T1 times at 12 and 25 minutes were lower in women compared with men. Conversely, the proportion of participants with myocardial scar in men (12.9%) was 5× greater than that in women (2.5%). September 2014
Results
Late Gadolinium Enhancement Table 2 shows the coefficients for logistic regression analyses of structural and functional variables for the presence of LGE-defined scar at the year 10 follow-up examination. Crosssectional analysis (versus year 10 structural and functional LV parameters) showed that the presence of myocardial scar was associated with greater LVMi and MVR, as well as lower LVEF with coefficients greater in women than in men. LGEdefined myocardial scar was also associated with higher EDVi in men but not in women. Greater LVMi and MVR at year 0, as well as their increase for 10 years, were also associated with the presence of myocardial scar at year 10 after adjustment for covariates. A lower LVEF at year 0 and a further decrease during the 10-year follow-up period were also associated with the presence of LGE-defined myocardial scar. When LV mass was indexed using the allometric approach, the results remained consistent and similar with what was observed for LVMi (indexed to body surface area) as shown in Table S3 .
Participants who had scar detected from the LGE assessment were excluded for analysis with T1 mapping parameters because the presence of LGE-defined scar was significantly associated with precontrast and postcontrast T1 times. Precontrast T1 times were significantly higher and postcontrast T1 times significantly lower in the group with CMR scar defined by LGE (Table S1 ). Table 3 (Table S2) shows association of T1 times with LV structural and functional parameters. Cross-sectional analyses at follow-up (year 10 examination) revealed that lower LVMi and EDVi were associated with lower postcontrast T1 times, reflecting greater interstitial fibrosis. Regression coefficients were greater in women versus men as indicated in adjusted linear regression plots in Figure 1 . Approximately 1 g/m 2 lower LVMi was related to 1.0 to 1.2 ms lower postcontrast T1 times in women, whereas the corresponding value was 0.35 to 0.45 ms in men. In men also, lower LVEF was associated with lower postcontrast T1, reflecting greater fibrosis. Greater concentric remodeling indexed as higher MVR was related to higher precontrast T1 times (greater fibrosis) in both univariable (coefficient: 15.67, P=0.021) and multivariable (coefficient: 17.46, P=0.018) analyses but in men only. Precontrast T1 times showed weak inverse correlations with LVMi and EDVi but not with LVEF and only in univariate analyses. None of the other parameters showed any statistically significant relationship with precontrast T1 times even after sex-specific analysis. ); MVR, mass-to-volume ratio (g/mL); SBP, systolic blood pressure; and T1 pre, T1 at 12′, T1 at 25′, T1 time at T1 time precontrast injection, 12 and 25 min postcontrast injection, respectively (ms).
Precontrast and Postcontrast T1 Times
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Longitudinal analyses revealed that a decrease in LVMi (in both men and women), EDVi (in women only), and LVEF (in men only) was related to a lower postcontrast T1 at follow-up as shown in Table 3 (Table S2) . Categorical analyses revealed similar results as shown in Figure 2 . Baseline concentric remodeling as indexed by higher MVR corresponded to lower postcontrast T1 times measured at the 10-year follow-up examination, reflecting greater fibrosis, but this was significant only in men. Lower baseline values of LVMi, EDVi, and LVEF were related to lower postcontrast T1 times. These relationships remained significant after repeating the analysis stratified by sex. In men only, higher baseline MVR (coefficient: 28.95; P=0.005) but not its change was related to increased precontrast T1 times. None of the other baseline parameters or their change showed a statistically significant relationship with precontrast T1 times. When LV mass was indexed using the allometric approach, the results remained consistent and Table S4 .
Hypertension Status, Fibrosis, and LV Structure and Function
LVMi and MVR were greater in those with hypertension at both the baseline (year 0) and follow-up (year 10) MESA examinations. LVEF was greater in women with hypertension compared with those without hypertension. The percentage of participants with myocardial scar was significantly higher in those with hypertension compared with those without hypertension. Postcontrast T1 times were also lower, reflecting greater interstitial fibrosis in those with hypertension compared with those without hypertension. However, this was statistically significant in men only (Table 4) . Eight women and 24 women were categorized as having hypertension at year 0 but not at year 10. Because the number of participants in this group was small, it was omitted from analysis.
Discussion
This study investigates the relationship between LV remodeling characterized by alterations of LV structure and function that occurred during a 10-year period, with CMR-derived parameters of replacement and interstitial myocardial fibrosis measured at follow-up. Our study shows that in a large multiethnic population of middle-to-older aged women and men followed for 10 years, (1) LV structural and functional correlates of replacement fibrosis from LGE are different from those of diffuse myocardial fibrosis from T1 mapping, (2) there are differences in these correlations of myocardial fibrosis with LV remodeling in women versus men, and (3) hypertension is related to myocardial hypertrophy and both replacement and interstitial fibrosis.
Replacement Myocardial Fibrosis
Previous studies have shown cross-sectional associations of replacement myocardial fibrosis with systolic and diastolic dysfunction, adverse LV remodeling, and mortality.
4,17 Our study shows similar cross-sectional associations of replacement fibrosis with LV structural and functional indices in the MESA follow-up examination. In addition, LV structural and functional parameters measured 10 years previously, as well as their 10-year change, were related to presence of replacement fibrosis in the MESA follow-up examination. Increased myocardial mass and concentricity and decreased function were associated with the presence of LGE-defined scar defined follow-up. Importantly, in men only, presence of replacement fibrosis was also associated with LV dilatation during the follow-up period.
Progressive LV remodeling arising from hypertension, diabetes mellitus, and other cardiovascular risk factors may lead to hypertrophied myocytes and increased LV concentric remodeling. Myocardial overload coupled with impaired microvascular circulation can result in focal myocyte necrosis, leading to focal replacement fibrosis. 4, 18 However, sudden loss of myocardial tissue because of myocardial infarction, as well as progressive replacement fibrosis induced by the mechanisms mentioned above, may induce eccentric remodeling characterized by lengthened myocytes, greater volume, and reduced LVEF. Therefore, as demonstrated, focal/replacement fibrosis as cause or consequence of myocardial injury is associated with compensatory mechanisms known to influence the residual myocardium, leading to concentric or eccentric hypertrophy accompanied by dilatation or LV volume reduction.
Diffuse Myocardial Fibrosis
In our study, postcontrast T1 mapping of the myocardium, with lower values indicating greater fibrosis, showed the strongest and most consistent relationships with parameters of LV remodeling. In women, lower LV mass and chamber volumes at baseline, and their further longitudinal decrease during a 10-year follow-up period, were related to greater interstitial fibrosis. In men, lower LV chamber volume at baseline and a reduction during the 10-year follow-up period of time in LV mass and LVEF were consistently related to greater diffuse interstitial fibrosis. Interestingly, in men, concentric remodeling at baseline was associated with greater interstitial fibrosis 10 years later, but the cross-sectional association at the end of the follow-up period was not statistically significant. Moreover, precontrast T1 times were positively associated with MVR only. This is perhaps indicative of precontrast T1 times being representative of both intracellular and extracellular alterations that become prominent only with advanced cardiac disease and greater hypertrophic concentricity.
The process of death and regeneration of myocytes continues through the entire cardiac life. Studies have shown that with aging the process of cell regeneration slows down, leading to noncompensated myocyte loss 19 and progressively diffuse myocardial fibrosis. 20 The relationship of aging with diffuse myocardial fibrosis in the same population was studied in detail previously. 15 Ventricular remodeling secondary to exposure to cardiovascular risk factors places increased demands on this process of myocyte death and regeneration and shifts this homeostasis further, in addition to the effects of structural and functional changes associated with aging alone. 20 This is evidenced in this study by the relationship of baseline concentric remodeling, as well as decreased LVMi and chamber volume with diffuse interstitial fibrosis. Therefore, although focal/replacement fibrosis, indicative of more extensive myocyte loss, is easily detectable using LGE and is associated with increased LV mass and chamber size, cardiac aging, characterized by diffuse interstitial Mean±SD for cardiac magnetic resonance variables among 3 groups for men and women in those without hypertension at year 0 and year 10 (group 0), those with hypertension at year 10 but not at year 0 (group 1), and those with hypertension at both year 0 and year 10 (group 2). Hypertension was determined based on Joint National Committee VI criteria. P value shown is for 1-way ANOVA based on the 3 defined categories. EDVi indicates end-diastolic volume indexed to body surface area (mL/m 2 ); LV, left ventricular; LVEF, LV ejection fraction (%); LVMi, LV mass indexed to body surface area (g/m 2 ); MVR, mass-to-volume ratio (g/mL); and T1 pre, T1 at 12′, T1 at 25′, T1 time at T1 time precontrast injection, 12 and 25 min postcontrast injection, respectively (ms). 
Sex Differences in Myocardial Fibrosis and Ventricular Remodeling
Sex-related differences in adaptations to increased load and myocardial dysfunction have been studied before. 21 These results support the concept that in population studies women and men undergo different patterns of LV remodeling either because of different exposures to injurious mechanisms or different responses to cardiovascular risk factors over time. For associations with replacement fibrosis, subtle sex differences were observed (higher magnitude of coefficients in women), indicating that replacement fibrosis is associated with larger changes in structure and function in women compared with men. Figure  1 illustrates associations of LV structure and function with diffuse fibrosis. Higher coefficients in women compared with men were observed in relationship with LV mass. The magnitude of concentric remodeling was also considerably lower among women versus men. This perhaps results from a combination of processes: (1) adverse remodeling is more common in men 21 ; (2) reduction in the number of myocytes is faster in men compared with women, and myocyte turnover is also slower in men than women 19 ; (3) the size of myocytes is on average larger in men compared with women 19 ; and, (4) the coefficients also reflect the fact that average LV mass and LV volumes are higher in men compared with women even after body size indexing. Lower LV chamber volume during a 10-year period was strongly related to diffuse interstitial fibrosis in women, perhaps indicating restrictive filling with eventual diastolic dysfunction because of a stiffer LV. This process of increased diffuse myocardial fibrosis with fewer myocytes (related to aging and remodeling) could explain the enhanced prevalence of diastolic heart failure seen in older men and especially women. 22 Although there was a nonsignificant relationship between diffuse fibrosis and LVEF in women, increasing fibrosis had a strong association with reduced LVEF in men reflecting greater systolic dysfunction.
Hypertension, Fibrosis, and Hypertrophy
We also demonstrate in this study that in those with continued hypertension (baseline and follow-up examination), there is significantly greater concentric remodeling and greater fibrosis (both replacement and diffuse). Increased blood pressure is related to increased myocyte hypertrophy, as well as concentric remodeling, so that LV chamber performance can be maintained (as evidenced by either maintained or increased LVEF). The process of increased reactive fibrosis linked to the activation of the renin-angiotensin-aldosterone system might potentially be at play, enhancing alterations in those with hypertension. 23 The relationship of the presence of replacement fibrosis assessed with delayed enhancement in particular was strong. There was a 2-fold (men) to 4-fold (women) increase in the percent of participants who had replacement fibrosis in the group with sustained hypertension compared with those without hypertension.
Those with sustained hypertension also had increased diffuse myocardial fibrosis compared with those without hypertension in this population; however, this relationship was weaker than that observed for replacement fibrosis and hypertension. The quantification of diffuse or interstitial fibrosis using T1 times provides us with a measure of diffuse fibrosis/volume of extracellular matrix relative to that of the volume of the whole myocardium. This definition has an inherent disadvantage: with increasing myocyte hypertrophy (and hence total myocardial volume), as seen in hypertension, the sensitivity of this method of quantification to detect small changes in diffuse fibrosis might be reduced. This could potentially be among the reasons that interstitial fibrosis was only modestly increased in those with sustained hypertension compared with those without hypertension. The effective change in the amount of diffuse fibrosis in addition to hypertrophy concurrently with hypertension status in a longitudinal fashion would perhaps shed more light on this relationship.
Perspective
Temporal changes in LV structure and function help in studying the complex process of remodeling of the left ventricle with aging and hypertension. Myocardial fibrosis is considered as 1 of the chief factors that influence the process of cardiac disease and remodeling. This study explores the relationship between temporal changes in LV structure and function and diffuse and interstitial myocardial fibrosis.
Limitations
To our knowledge, this is the first study associating longitudinal changes in LV structure and function to myocardial fibrosis in a large multiethnic population. This population was free of any cardiovascular disease at baseline, and hence the conclusions from this study may be limited by survival bias. An analysis of changes in myocardial fibrosis concomitantly with LV remodeling could not be performed because fibrosis indices were available only at follow-up. In this study, we assess the association of temporal changes of LV structure and function with cross-sectional data with respect to fibrosis measures; inferences with respect to longitudinal changes in fibrosis with changes in LV structure and function could not be made. In the process of a 10-to 12-year longitudinal study such as one in our study, it is a reality that there would be changes in personnel, technology, and methodology. To calibrate and account for changes that occur because of changes in pulse sequences and readers between the baseline and follow-up examinations, utmost care was taken. A detailed explanation of this process has been provided in the onlineonly Data Supplement; however, we do acknowledge that this introduces additional variability in the measurement of temporal changes.
Conclusions
This study shows that while increasing LV hypertrophy and decreasing ejection fraction for 10 years are associated with replacement fibrosis, decreasing LV mass for 10 years, perhaps related to age-and risk factor-mediated myocyte loss, was associated with diffuse myocardial fibrosis. Increased concentricity in women only and LV dilatation in men only were associated with replacement fibrosis, indicating sex differences in remodeling mechanisms. In addition, ejection fraction was preserved with increased diffuse myocardial What Is New?
• Exploration of the relationship of changes in left ventricular (LV) structure and function during 10 years with fibrosis at the end of follow-up in multiethnic free-living individuals.
• The LV structural and functional correlates of replacement and diffuse interstitial fibrosis are different.
• Sex-specific associations.
What Is Relevant?
• The longitudinal study of LV remodeling, an important component in hypertensive heart disease.
• The relationship of LV remodeling and sustained hypertension with fibrosis.
Summary
During a 10-year period, increased concentric hypertrophy in women and LV dilatation in men were associated with replacement fibrosis, whereas decreasing LVMi was associated with diffuse fibrosis. Hypertension-induced remodeling is related to enhanced replacement and diffuse fibrosis, as well as hypertrophy.
Novelty and Significance
Lima
BACKGROUND
The MESA cardiac MRI protocol was established in 1999 and implemented in 2000 at all sites. The protocol used the fast gradient echo (FGRE) MRI pulse sequence to obtain cine images of the heart at year-0. This pulse sequence was well validated at the time and was available at all MESA sites 1 .
In 2001, Carr et al. published a new method for cardiac cine MRI, the steady-state free precession (SSFP) pulse sequence 2 . The new method was 2.7 times faster than the prior FGRE approach, resulting in shorter breath-hold times for the MESA participants. SSFP's other advantage is that it is not dependent on flowing blood (as is the case for FGRE). The definition between myocardial wall and blood pool is greater with SSFP compared to FGRE since fluid is intrinsically bright on SSFP images. SSFP has since replaced FGRE for routine cine cardiac MRI. The SSFP technique has been subsequently validated and found to be more reproducible with better image quality than FGRE. Thus, MESA year-10 study used SSFP cine MRI.
Unfortunately, quantification of SSFP MRI results in different left ventricular mass and volumes than using FGRE 3 . There are also less significant, but important differences regarding the software and readers. Newer, more rapid software methods for quantification of the MRI data were developed between 2000 and 2010. MESA year-10 used CIM 6.0 software (UniServices, Auckland, New Zealand) while MESA year-0 used MASS 4.0 software (Medis, Leiden, Netherlands). Year-10 also used different readers than year-0. Therefore, in order to compare MESA year-0 and year-10 MRI data, it was necessary to use correction equations to account for these differences
METHODS
At baseline, Cardiac MRI was performed with 1.5-T scanners with determination of LV mass and volumes as previously described 26 . Briefly, a stack of short-axis images covering the entire LV was acquired using a fast gradient recalled echo sequence. The endocardial and epicardial myocardial borders were contoured using a semi-automated method (MASS 4.2, Medis, Leiden, the Netherlands). The difference between the epicardial and endocardial areas for all slices was multiplied by the slice thickness and section gap, and then multiplied by the specific gravity of myocardium (1.04 g/ml) to determine the ventricular mass. Papillary muscle mass was included in the LV cavity and excluded from the LV mass.
At follow-up, MESA participants without contraindications underwent CMR exams using 1.5T scanners (Avanto and Espree, Siemens Medical Systems; Signa LX, GE Healthcare) with a six-channel anterior phased-array torso coil and corresponding posterior coil elements. LV function, dimensions and myocardial mass were assessed by a cine steadystate free precession sequence. Twelve short axis slices, one 4-chamber view and one 2-chamber view were acquired as described previously 27 . LV structural parameters (LV mass and volumes) and LV ejection fraction were measured using commercially available software (CIM v6.2, Auckland, New Zealand) 28 .
For derivation of the longitudinal conversion coefficients, data were used from the following additional readings performed. 
PULSE SEQUENCE CALIBRATION
Errors-in-variables linear regression between FGRE and SSFP readings for year-10 participants was performed. This gave a calibration equation that corrected for pulse sequence differences between year-0 and year-10 for each of the major MRI outcome variables -left ventricular (LV) mass, end-systolic volume (EDV) and end-diastolic volume (ESV). The errors-in-variables regression required an estimate of variability of the year-10 FGRE readings, and this is obtained from conventional ANOVA.
COMBINED CALIBRATION
Reader and pulse sequence calibration equations were algebraically combined to obtain overall equations for each of the major MRI outcome variables. This equation was used to correct original year-0 readings to be comparable to year-10 readings.
Supplemental Table S1 : : LV structure and function variables from MRI and in women and men without scar (LGE -ve) and withscar (LGE+-ve) at year 10 defined by late gadolinium enhancement (LGE).
Variable
Women (n=874) Men (n=939)
LGE -ve (n=852)
LGE +ve (n=22)
pvalue
LGE -ve (n=816)
LGE +ve (n=123) ed line) and ers on the xwomen (bl -axis and po ue ost-
The MESA criteria for claudication have been adapted from the WHI. Claudication is a symptomatic event and in MESA refers to only the lower body-typically exertional leg pain relieved by rest. Outpatient records of claudication will not be sought in MESA unless they include a major outpatient diagnostic procedure such as angiography or angioplasty. Physician adjudicators categorize potential MESA PVD events as "definite," "probable," and "no PVD" based on clinical judgment. A ruling of "definite PVD" requires more than a physician diagnosis. Good documentation of symptoms is needed. Even if a test such as a Doppler lists "PVD" or "claudication" as its indication, PVD should not be ruled unless there is information documenting symptoms or treatment for PAD.
Physician adjudicators also subclassify PVD as: 
CRITERIA FOR STROKE AND TIA
All potential cerebrovascular events are classified as "stroke," "transient ischemic attack" (TIA), or "not a cerebrovascular event." All events classified as stroke will be further classified by type: subarachnoid hemorrhage, intraparenchymal hemorrhage, other hemorrhage, brain infarction, or unknown. Criteria for TIA, stroke, and type of stroke are provided below. Criteria for infarct subtype are provided in Appendix B. Symptomatic retinal infarction should be classified as "brain infarction" but requires documentation by an ophthalmologist. "Brain Infarct Subtypes" should also be coded for a symptomatic retinal infarction. Those in categories a, c, and d are categorized according to timing from onset of last episode of symptoms to death (<5 min, 5 min to 1 hr, 1 to 24 hr, >24 hr, unknown). They are also classified as to most important mechanism(s) thought to cause death (more than one may apply): a. Primary arrhythmic death: death <5 minutes without preceding symptoms of ischemia or heart failure b. Secondary arrhythmic/mechanical death: death with preceding symptoms of ischemia or heart failure, but not directly due to shock or low output state c. Congestive heart failure -death due to shock or low output state, including prerenal azotemia d. Cardiac procedure such as CABG, angioplasty or stent e. Hemorrhage from thrombolytic therapy f. Unknown or uncertain
TIA
CRITERIA FOR ATHEROSCLEROTIC CORONARY HEART DISEASE DEATH
Requires the absence of known nonatherosclerotic or noncardiac cause of death. CRITERIA FOR STROKE DEATH a. Stroke occurrence and type determined by stroke event adjudication: subarachnoid hemorrhage, intraparenchymal hemorrhage, other hemorrhage, brain infarction, other stroke type, or unknown stroke type b. Mechanism of death is recorded as due to critical brain injury or as secondary to complications such as infections (lungs, urine, skin), pulmonary embolism, or arrhythmia. Critical brain injury can be lethal either because of the size of the infarct or bleed with herniation, or because of the location in the brain stem.
CRITERIA FOR OTHER ATHEROSCLEROTIC DISEASE DEATH
If not codable, as above, reviewers can assign "Other Atherosclerotic Disease Death" based upon clinical judgment. Such criteria would include: complications of aneurysm, ischemia of any organ or limb leading to death, etc.
CRITERIA FOR OTHER CARDIOVASCULAR DISEASE DEATH
If not codable, as above, reviewers can assign "Other Cardiovascular Disease Death" based upon clinical judgment. Such criteria would include: pulmonary embolism, valvular heart disease, etc.
CRITERIA FOR OTHER DEATH
None of the above causes of death assigned, or a strong history of a likely cause of death that is not CHD.
Use official ICD-10 code (usually indicated on the death certificate).
